Introduction
Fractures and faults are common in the subsurface of the Earth's crust, and they control much of the mechanical strength and transport properties of the solid structure. Fractures and fracture systems are also crucial for hydrocarbon production, control and manipulation of water supplies, and dispersal of pollutants. Much of our knowledge about the Earth's crust is obtained The smoothed boundary conditions for models I and 2 were obtained recently by Hudson et al. [1996b Hudson et al. [ , 1997 and are similar in form to the empirical formulae of Murty [1976] and Pyrak-Nolte et al. [1990] . The main advantage of the method presented in this paper is that unlike the earlier empirical models of fractures, all parameters involved have physical meaning (subject to the assumptions referred to above), and fracture compliances are shown to be directly related to the details of the microstructure of the fracture planes.
In this paper we shall refer to a crack as the small compact area of cohesion loss on a fracture surface, whose size is very much smaller than a wavelength, and to a fracture as the larger-scale fluid flow system, whose size is still much smaller than the seismic wavelength. A fault is made up of many fractures, and we model the fault region as a random distribution of fractures.
Whereas cracked material has, in general, been modeled as a random distribution of cracks, the fault region studied here under model I has the cracks confined to the fracture surfaces. In this way the cracks appear as clusters, and the difference in the formulae for the two cases can be interpreted as the effect of one form In summary, published fracture models can be broadly classified into three groups, which are schematically shown in 
where the elements {Tpq} depend on the {Zij}. Equation (3) becomes
Inserting ( 
where CT and C'N are given by (from equation ( 
Discussion
In this paper we have introduced three types of fracture models that are basically simple physical representations of more complicated natural fracture surfaces. As in all effective medium theories of the type used here, the assumption is made that the results will be approximately the same as for a naturally occurring system of the same type (e.g. For a given set of observations it is very likely that both models I and 2 will provide reasonable interpretations with appropriate values of the parameters; that is, we may expect that a small number of heavily cracked fractures will give the same result as a large number of lightly cracked fractures. Other information will be needed to come to the correct conclusions. As we have shown above, it is also possible to replace either model I or model 2 by model 3, although, once again, this may well be excluded on the basis of prior knowledge; e.g., the properties of the inferred material infilling the fractures may not correspond to any material likely to be there.
The fracture models presented here are idealized in more than one aspects. Some of the restrictions we have placed on them can be relaxed in a fairly straightforward way. We consider two ways here of generalizing the models.
Nonaligned Fractures
The fractures on any fault are never completely aligned, and the effects of this nonalignment can be calculated by separating the fractures into sets, each set containing fractures of a given alignment. Multiple fracture sets can be added easily in the compliance domain as described by Schoenberg 
Effects of Matrix Permeability and

Porosity
The application of seismic anisotropy has been very successful in many geophysical applications [Crampin, 1994; MacBeth, 1995 order theory is that it is "unphysical" for large crack density because elastic stiffness increases rather than decreases with an increase in crack density (solid lines in Figure 4) [Cheng, 1993, Sayers and Kachanov, 1995] . ily considered with numerical methods, and it has been demonstrated that both spatial and scale length distributions have significant effects on wave fields. Numerical methods such as the boundary element method have the advantage that there is no restriction in the ratio of crack size to wavelength, and multiple crack-crack interactions between fractures can easily be handled without additional difficulty; they can be used to tackle a range of problems, such as to study short-wavelength scattering and to investigate the effects of fracture spacing, spatial distributions, scale length distributions, etc., on seismic wave fields. Its main drawback, however, is computing cost.
Conclusions
We have presented analytic expressions for the fracture compliance Z for three styles of fracture surface conditions. These fracture compliances may be regarded as macroscopic parameters to be determined by experiments. The main contribution of this paper is that given enough a priori information to select the more appropriate model for the fracture surfaces, it is then possible to infer some statistical details of its microstructure. From (25), (33) and (42) we find that for 
where ZN and ZT are the mean values of (N and (T, respectively, over the fracture so that (3) holds.
If the faces of the ellipsoid were stress free, the imposition of a stress field a0 would result in discontinuities in displacement given by [Hudson, 1980] 
